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Abstract

Epilobium parviflorum Schreb. is a medicinal plant used traditionally against inflammatory
disorders whose cytotoxic potential is still incompletely revealed. The current study investi-
gates the phytochemical composition and in vitro cytotoxic activity of four hydroalcoholic
extracts prepared from the aerial parts of E. parviflorum by using maceration and Soxhlet
extraction. The extracts were characterized in terms of total phenolic, flavonoid and tannins
composition and LC-MS was used to identify its individual polyphenols. Their biologi-
cal effects were assessed against four cancer cell lines (A375 melanoma, HT-29 colorectal
adenocarcinoma, PANC-1 pancreatic carcinoma and SK-OV-3 ovarian adenocarcinoma
cells), while using HaCaT keratinocytes as healthy cells in order to assess selectivity. Cell
viability, cytoskeletal and nuclear morphology, mitochondrial respiration and network
pharmacology were further investigated. A complex phenolic profile was revealed, with
hyperoside being identified as the main component in all extracts while the extraction
parameters strongly influenced the recovery of various phenolic compounds. All extracts
reduced cancer cell viability in a dose-dependent manner after 24 h exposure, with the most
pronounced effects observed at 720 and 1000 pug/mL, while HaCaT cells were left relatively
unaffected. The morphological assessment indicated nuclear condensation, fragmentation
and cytoskeletal disruption following the application of extracts. Moreover, high-resolution
respirometry showed reduced oxidative phosphorylation and electron transfer system ca-
pacity thus indicating that early mitochondrial dysfunction may contribute to the cytotoxic
effects. Network pharmacology revealed that ERBB2, CTNNB1, HSP90AA1 and HDAC6
might act as molecular targets in melanoma. Thus, these findings support the hypothesis
that E. parviflorum hydroalcoholic extracts, particularly the 40% ethanol Soxhlet extract,
may serve as important sources of bioactive phytocompounds with antiproliferative and
apoptotic properties.

Keywords: small-flowered willowherb; phytochemical assessment; apoptosis; network
pharmacology
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1. Introduction

Natural products stand as important sources of bioactive molecules used in the devel-
opment of modern drugs. Current anticancer pharmacotherapy includes various classes of
synthetic drugs, such as alkylating agents, antimetabolites and targeted agents [1]. How-
ever, despite their efficiency, these agents can also act on normal cells, thus leading to a wide
range of side effects such as myelosuppression, nausea, mucositis, fatigue, muscle or joint
pain, skin rashes, alopecia and organ-specific toxicity [2,3]). Compared to synthetic drugs,
vegetal compounds often exhibit low toxicity while acting simultaneously on multiple
molecular targets, such as oxidative stress, inflammation, cell proliferation and apopto-
sis as well as tumor-related signaling pathways. Thus, medicinal plants continue to be
investigated for the potential identification of new compounds with therapeutic potential,
particularly in the field of anticancer therapy [4].

Small-flowered willowherb (E. parviflorum) is a biennial or perennial herbaceous plant
from the Onagraceae family. It grows in wetlands such as lakes or rivers all throughout
Europe, Asia, Africa and North America [5,6].

The aerial parts of E. parviflorum, such as its stems, leaves and flowers, have been long
used for medical purposes as infusions or extracts aimed to alleviate kidney and urinary
tract disorders, inflammatory conditions, gastric ulcers and gastritis as well as respiratory
diseases, including asthma and whooping cough. Also, pharmaceutical formulations con-
taining extracts of E. parviflorum have been traditionally used to manage diarrhea, prostate
disorders and conditions related to hormonal imbalance [7].

The interest raised by E. parviflorum extracts is mainly caused by its rich phytochem-
ical composition, consisting in polyphenols, sterols (i.e., 3-sitosterol), triterpenes, fatty
acids, flavonoids (i.e., myricetin, kaempferol, catechin, quercetin-3-O-f3-D-glucuronide)
as well as tannins (i.e., oenothein B) [8]. Consequently, E. parviflorum exerts antioxidant,
anti-inflammatory and cytotoxic effects [7]; as an example, E. parviflorum extracts are able to
reduce the activity of cyclooxygenase enzymes COX-1 and COX-2 involved in inflammatory
processes. The cytotoxic potential of E. parviflorum has been investigated in various tumor
models; as an example, previous studies have shown that extracts obtained from Epilobium
species, including E. parviflorum, are able to inhibit the proliferation of hormone-dependent
prostate cancer cells by inducing apoptosis through the activation of mitochondrial path-
ways [9]. In colorectal cancer, the aqueous and ethanolic extracts of E. parviflorum reduced
the viability of HT-29 cells in a dose-dependent manner and triggered apoptotic events
such as the stimulation of caspase-3 and caspase-8 as well as nuclear fragmentation [10].
Antiproliferative effects have also been reported in MCF-7 breast cancer cells whose growth
was inhibited by E. parviflorum extracts, with methanolic extracts exhibiting stronger cy-
totoxic activity compared to their respective aqueous counterparts [11]. More recently,
the cytotoxic potential of E. parviflorum was reported in human A375 and COLO-679 ma-
lignant melanoma cells where its methanolic extract reduced cell viability in a time- and
concentration-dependent manner while leaving healthy HaCaT keratinocytes relatively
unaffected [6]. Nevertheless, the available evidence is fragmented across individual cancer
models and provides a limited view regarding the mechanisms underlying the observed
cytotoxicity. Therefore, a broader and integrated evaluation of its phytochemical profile
and biological activity is needed.

The assessment of E. parviflorum as a cytotoxic agent is particularly relevant since
inflammation, oxidative stress, uncontrolled proliferation and apoptosis resistance are
commonly involved in tumor initiation and progression as well as the development of
treatment resistance. Being rich in polyphenols and ellagitannins, the plant extracts may
therefore be used for the identification of compounds able to simultaneously interfere with
several cancer-related mechanisms [12,13]. However, despite the available data regarding
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its activity in selected cancer cell lines, the cytotoxic potential of E. parviflorum remains
incompletely investigated, particularly in tumor types displaying distinct biological traits
that pose therapeutic challenges.

The choice of melanoma, colorectal, pancreatic and ovarian cancer cells as targets for
the currently investigated extracts is supported by their biological and clinical relevance. Ac-
cording to recent global cancer reports, colorectal cancer remains one of the most frequently
diagnosed malignant pathologies worldwide while pancreatic cancer is generally associ-
ated with poor prognosis combined with limited therapeutic options; ovarian cancer stands
as a major gynecological malignancy often diagnosed in advanced stages while melanoma
is the most aggressive type of skin cancer with high metastatic potential [14]. Therefore,
the screening of natural extracts against this range of cancer cell lines may provide useful
information regarding their potential spectrum of cytotoxic effects and anticancer potential.
Notably, although the cytotoxic effects of E. parviflorum have been investigated in several
cancer cell lines, including HT-29 and A375 cells [6,10], to the best of our knowledge, the
effects against SK-OV 3 and PANC-1 cell lines have not been previously reported.

Taking into account the emerging evidence regarding the antiproliferative and pro-
apoptotic properties of E. parviflorum presumably caused by its rich content in polyphenols
and ellagitannins, the present study aimed to assess its phytochemical composition and
cytotoxic effects in A375 human melanoma, HT-29 colorectal adenocarcinoma, PANC-
1 pancreatic carcinoma and SK-OV-3 ovarian adenocarcinoma cells and to evaluate the
safety and selectivity in healthy human HaCaT keratinocytes. In addition, high-resolution
respirometry was used to investigate whether the observed cytotoxic effects were cor-
related with mitochondrial respiratory alterations. Furthermore, an in silico network
pharmacology analysis was performed to identify the potential molecular targets and
the pathways relevant to melanoma. Therefore, the objective of this study is to provide a
broader and integrated assessment of E. parviflorum extracts by combining the phytochemi-
cal characterization with biological and computational approaches, while also extending
the investigation, to the best of our knowledge, to additional tumor models that were not
previously investigated in this context.

2. Materials and Methods
2.1. Chemicals, Reagents, Standards and Equipment

Ethanol, methanol and acetic acid of 99.9% purity were purchased from Merck (Darm-
stadt, Germany). Folin-Ciocalteu reagent, gallic acid, sodium carbonate, quercetin, alu-
minum chloride, potassium acetate, catechin, vanillin and concentrated hydrochloric acid
were purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). The phenolic
components reference standards for LC-MS, including rosmarinic acid, caftaric acid, gentisic
acid, chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid and sinapic acid, hypero-
side, isoquercitrin, rutin, myricetin, fisetin, quercitrin, quercetol, luteolin, kaempferol, and
apigenin, were also purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany).
For the preparation of sample solutions ultrapure deionized water was provided by a MiliQ
system Milli-Q® Integral Water Purification System (Merckmilipore, Darmstadt, Germany).

General equipment used during the experimental procedures included a Shimadzu UV-
1900i UV-Vis spectrophotometer (Shimadzu Corporation, Kyoto, Japan) operating within
the wavelength range of 400-800 nm, a rotary evaporator (Heidolph Instruments GmbH &
Co. KG, Schwabach, Germany), an electrical grinder (Bosch TSM6A013B, BSH Hausgerite
GmbH, Munich, Germany), a Soxhlet installation (DWK Life Sciences, Wertheim, Germany),
a Buchner funnel (DWK Life Sciences, Wertheim, Germany), a vacuum filtration system
(Vacuubrand GmbH + Co. KG, Wertheim, Germany) and a vortex mixer (IKA-Werke
GmbH & Co. KG, Staufen im Breisgau, Germany).
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2.2. Plant Material and Extract Preparation

The dried aerial parts of E. parviflorum (stems, leaves, flowers) were purchased from
Fares, Romania. The plant material was supplied in packages of 50 g each and registered
under 20/25 and 22 /25 lot numbers. Prior to extraction, the plant material was mechan-
ically pulverized using an electrical grinder. Two extraction methods were employed:
(1) maceration at room temperature (10 days) in the dark, and (2) Soxhlet extraction (15 full
cycles). Two solvent mixtures were used in each case: 40% and 60% (v/v) hydroalcoholic
mixtures prepared with absolute ethanol and distilled water. The vegetal material to solvent
ratio was 1:10 (w/v) in the maceration procedure and 1:13 (w/v) in the Soxhlet extraction.
Following extraction, the macerated samples E1 and E2 were separated through vacuum
filtration using a Buchner funnel fitted with filter paper. The Soxhlet extracts, E3 and E4
were collected from the extraction flask. Then, the solvent was removed from all extracts
under reduced pressure using a rotary evaporator, at 60 °C. The final dry extract was stored
in the dark at 4 °C until further processing. Table 1 displays sample codes, extraction
methods, solvents and extraction yields.

Table 1. Extraction condition and yield.

Sample Code Extraction Method Solvent Yield
El Maceration in dark (10 days) 40% ethanol 18.00%
E2 Maceration in dark (10 days) 60% ethanol 15.58%
E3 Soxhlet (15 full cycles) 40% ethanol 18.22%
E4 Soxhlet (15 full cycles) 60% ethanol 15.76%

2.3. Analysis by High-Performance Liquid Chromatography Coupled with Mass
Spectrometry (LC-MS)

High performance liquid chromatography (HPLC/LC) coupled with mass spectrom-
etry (MS) experiments were conducted on a 6120 LC-MS analytical system from Agilent
(Santa Clara, CA, USA) consisting of 1260 Infinity HPLC equipped with G1322A degasser,
G1311B quaternary pump, G1316A column thermostat, G1365C MWD detector, G7129A
autosampler coupled with a Quadrupolar (Q) mass spectrometer equipped with electro-
spray ionization source (ESI). LC-MS is connected to a PC computer running the OpenLAB
CDS ChemStation Workstation software, version C.01.08 to control the instrument, acquire
and process LC-MS data.

Quantification of phenolic components in small-flowered willowherb extract samples
E1-E4 was conducted by LC-MS. phenolic components were separated on a reverse phase
Zorbax Eclipse Plus C18 column (3.0 x 100 mm X 3.5 p) by an LC-MS method that enabled
the screening and quantification of analyzed extracts for 18 polyphenols, such as: rosmarinic
acid, caftaric acid, gentisic acid, chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid
and sinapic acid, hyperoside, isoquercitrin, rutin, myricetin, fisetin, quercitrin, quercetol,
luteolin, kaempferol and apigenin, as described before [15,16]. Polyphenols were screened
in gradient elution with a mobile phase that consists of a mixture of 0.1% acetic acid
solution and methanol as follows: 5 min 5% methanol, up to 38 min in gradient elution
reaching 42% methanol and 5% methanol up to 42 min. The elution of all components
was achieved in about 40 min at a flow rate of 1 mL/min, injection volume 10 pL and
column temperature of 40 °C. UV detection of polyphenols was conducted at 330 and
370 nm. MS detection was achieved by electrospray ionization (ESI) in the negative ion
mode using single ion monitoring (SIM) which enabled the simultaneous screening and
quantification of all 18 screened compounds. MS parameters: capillary voltage 3500 V,
dry gas flow 12 L/min at 350 °C, nebulizer pressure 55 psig and fragmentor at 70. For
the quantification of phytocompounds in the extracts, calibration curves were conducted
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by the external standard method in the 0.05-2 ug/mL range, for a six-point plot for each
compound [17]. The m/z scale of the mass spectrum was calibrated by use of an external
calibration standard ESI Tuning Mix from Agilent (Santa Clara, CA, USA).

All dry extract samples were dissolved in pure methanol, homogenized with a
WisdVM-10vortex mixer (Witeg Labortechnik GmbH, Wertheim, Germany) and centrifuged
for 2 min at 10,000 rpm in a ThermoMicro CL17microcentrifuge (Thermo Fisher Scientific,
MA, USA). The supernatant was collected and submitted to LC-MS analysis.

2.4. Spectrophotometric Phytochemical Assay

Absorbance measurements for the spectrophotometric assays were performed using a
Shimadzu UV-1900i UV-Vis spectrophotometer.

2.4.1. The Total Phenolic Content (TPC)

TPC was determined using the Folin-Ciocalteu assay, following a slightly modified
colorimetric method [18]. Briefly, 0.5 mL of gallic acid standard solution or extract solution
was mixed with 2.5 mL of Folin-Ciocalteu reagent previously diluted 1:10 with distilled
water and was left to rest for 5 min at 25 °C. Then, 2.0 mL of Na,COj3 of concentration
7.5% was added in the mixture, the samples were vigorously vortexed and incubated for
30 min at 25 °C, in the dark. The next step was the measuring of the absorbance at 765 nm
wavelength against the blank. In addition, considering the slightly colored samples a
correction of the absorbance was performed. Initially, separate gallic acid calibration curves
were registered in the two used solvents 40% ethanol and 60% ethanol in order to evaluate
the possible influence of the solvent composition. As the two curves showed comparable
linearity and regression parameters, the same calibration equation was considered suitable
for calculating the total phenolic content of all extracts. TPC was expressed as mg gallic
acid equivalents per g dry extract.

2.4.2. Total Flavonoid Content (TFC)

TFC was calculated using the quercetin standard and the method previously reported
by Chang et al. [19] a with few minor modifications. Basically, at 0.5 mL extract solution or
quercetin standard solution were added 1.5 mL of ethanol, 0.1 mL AICl; of concentration
10%, 0.1 mL CH3zCOOK 1M and 2.8 mL H;O were added. The resulting mixture was
strongly vortexed and incubated for 30 min at 25 °C, in the dark. Afterwards, the absorbance
was measured at 415 nm against the blank. Similar to the TPC determination, a correction
of the absorbance was also applied in this case. To avoid solvent-induced differences in
absorbance values, the quercetin and the dry extracts were solubilized in 80% ethanol. TFC
was expressed as mg quercetin equivalents per g dry extract.

2.4.3. Condensed Tannin Content (CTC)

CTC was determined using the acidified vanillin method, based on the original ver-
sion [20] and recently described by Géorcelin et al. [21]. In summary, 0.5 mL extract solution
or cathechin standard solution was mixed with 3.0 mL vanillin 4% in methanol and 1.5 mL
concentrated HCIL. The mixture was strongly vortexed and incubated for 15 min at 25 °C, in
the dark. Then, the value of the absorbance was measured at 500 nm against the blank. As
in the previous assays, a correction of the absorbance was performed. Cathechin and the
dry extracts were dissolved in 80% ethanol for consistency and to prevent solvent-induced
variations in absorbance. CTC was expressed as mg catechin equivalents per g dry extract.

2.5. Cell Culture

The cell lines used in this study were human immortalized keratinocytes (HaCaT),
human melanoma cells (A375), human colorectal adenocarcinoma cells (HT-29), human
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pancreatic adenocarcinoma cells (PANC-1), and human ovarian adenocarcinoma cells
(SK-OV-3). HaCaT cells were obtained from CLS Cell Lines Service GmbH (Eppelheim,
Germany), whereas A375, HT-29, PANC-1, and SK-OV-3 cell lines were purchased from
the American Type Culture Collection (ATCC, Lomianki, Poland). Cells were received
as frozen stocks and stored in liquid nitrogen until use. HaCaT, A375, and PANC-1 cells
were cultured in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin—-streptomycin solution. HT-29 and
SK-OV-3 cells were maintained in McCoy’s 5A medium supplemented with 10% FBS
and 1% penicillin—streptomycin solution. All cell lines were maintained in a humidified
atmosphere containing 5% CO; at 37 °C.

2.6. Cell Viability Assay

The Alamar Blue colorimetric assay was used to evaluate the cell viability of HaCaT,
A375, HT-29, PANC-1, and SKOV cell lines after 24 h of stimulation with 3.6 pg/mL,
36 pg/mL, 360 ug/mL, 720 pg/mL, and 1000 ug/mL E1-E4. Cells (1 x 10%/ well) were
seeded in 96-well plates and incubated at 37 °C and 5% CO; until reaching 80-85% conflu-
ency. The anticancer drug 5-Fluorouracil (5-FU) was used as a positive control. The 5-FU
stock solution (10 mM) was prepared in ultrapure distilled water and further diluted in
culture media to the final concentrations of 1, 10, 25, 50 and 100 uM for 24 h. The dried
E1-E4 extracts were dissolved in DMSO to obtain 200 mg/mL stock solutions, which were
then vortexed and sonicated until complete dissolution. The stock solutions were diluted
with culture medium to the required concentrations; the final concentration of DMSO used
in the control and experimental wells was 0.5% (v/v), a concentration at which DMSO does
not influence cell viability. After 24 h, the cells were counterstained with 0.01% Alamar Blue
and incubated for an additional 3 h. The fluorescent signal was recorded using a Synergy
HTX multi-mode microplate reader (BioTek Instruments, Inc., Winooski, VT, USA), with
excitation at 528 nm and emission at 590 nm. Each experiment was performed in triplicate.

2.7. Immunofluorescence Assay

Immunofluorescence staining was performed to evaluate cytoskeletal organization and
nuclear morphology. Cells (2 x 10° cells/well) were seeded in 12-well plates and cultured
until reaching 80-85% confluence. Subsequently, cells were treated for 24 h with 360 pug/mL
E1-E4. After treatment, cells were washed with PBS, fixed with 4% paraformaldehyde
for 10 min, and permeabilized using 0.1% Triton X-100 for 15 min. Non-specific binding
sites were blocked with 3% BSA for 30 min. Cells were then incubated for 1 h at room
temperature with a mouse monoclonal anti-f3-actin antibody (Product #MA1-140, Thermo
Fisher Scientific, Inc., Waltham, MA, USA; 1:2000), followed by incubation with Alexa Fluor
Plus 488-conjugated goat anti-mouse IgG (H+L) secondary antibody (Product #A32723,
Thermo Fisher Scientific, Inc., Waltham, MA, USA; 1:500) for 30 min in the dark. Nuclei
were counterstained with Hoechst 33342 (Product #62249, Thermo Fisher Scientific, Inc.,
Waltham, MA, USA, 1:2000) for 10 min in the dark. Samples were subsequently visualized
using a Thermo Scientific EVOS™ M5000 Imaging System (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA); the images were analyzed with a 40x objective to assess cytoskeletal
integrity and nuclear morphology.

2.8. High-Resolution Respirometry

Mitochondrial respiratory function was assessed by high-resolution respirometry us-
ing an Oxygraph-2k system (Oroboros Instruments, Innsbruck, Austria). The experiments
were performed at 37 °C after the calibration process. For the respirometric assay, cells
were cultured in T75 cm? flasks until reaching 85% confluency. Following tripsinizations,
the cells (2 x 10° cells/chamber) were suspended in mitochondrial respiration medium
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MIRO5 (110 mM D-sucrose, 20 mM taurine, 0.5 mM EGTA, 20 mM HEPES, 3 mM MgCl,,
60 mM lactobionic acid, 10 mM KH,POy and 1 g/L bovine serum albumin; pH was ad-
justed to 7.1 using KOH). Oxygen flux was recorded using DatLab software 8.2 software.
Mitochondrial respiration was assessed following a substrate—uncoupler—inhibitor titration
protocol, as previously described [22]. E1 and E3 were added to the chamber prior to the
experiment; in order to investigate the early mitochondrial responses without inducing
extensive cell death, the concentration selected, 360 ng/mL, was below the calculated
ICsp. Briefly, after 10 min of equilibration (routine respiration), the cell membrane was
permeabilized using digitonin (1 pg/L x 10° platelets). Complex I-linked respiration was
assessed after the addition of glutamate (5 mM) and malate (5 mM, State 2CI), followed
by ADP (1 mM) addition to stimulate oxidative phosphorylation through complex I (OX-
PHOSCI). Subsequently, succinate (10 mM), a complex II substrate, was added to measure
the maximal OXPHOS supported by convergent electron input through complexes I and II
(OXPHOSCI+II). Oligomycin (1 ng/mL) was then added to inhibit complex V, ATP syn-
thase and to measure the non-phosphorylating respiration state (State 4CI+II). The maximal
capacity of the electron transport system (ETS) was evaluated by a stepwise titration of
FCCP (1 uM/step) until reaching the maximal uncoupled respiration (ETSCI+II). Rotenone
(2 M) was added to inhibit complex I and to measure the complex II-supported electron
transport capacity (ETSCII). In the final step of the protocol, antimycin A (1 ng/mL) was
added to inhibit complex III and to measure the residual oxygen consumption.

2.9. Statistical Analysis

The cell viability results were analyzed using one-way analysis of variance (ANOVA),
followed by Dunnett’s multiple comparisons test. For the high-resolution respirometry
studies, the statistical differences vs. control were determined using two-way ANOVA
with Bonferroni’s multiple comparison post-test. Values were considered to be statistically
significant if p < 0.05 (* p < 0.05; ** p < 0.01; *** p < 0.001 vs. control cells).

2.10. Target Prediction and Network Pharmacology
2.10.1. Melanoma-Related Gene Selection

The top 300 protein-coding genes based on their relevance score for melanoma
in Homo sapiens were retrieved from the GeneCards database [23]. Furthermore, the
genes were converted into their corresponding protein-coding entries through the UniProt
database [24].

2.10.2. Ligand Selection and Preparation

Five compounds were selected for the network pharmacology analysis: caftaric
acid [25], quercetin [26], myricetin [27], ellagic acid [28] and gallic acid [29]. The 3D struc-
tures of the selected compounds were downloaded from PubChem v 4.1 [30], and then
imported into Avogadro (v. 2.0) [31], where geometric optimization was performed under
the MMFF9%4 force field to ensure a relevant 3D conformation.

2.10.3. Reverse Pharmacophore Mapping

The optimized 3D structures of the compounds were imported into the PharmMap-
per server [32] to identify potential protein targets for the selected compounds. Drugable
pharmacophore models were selected as the target set and the maximum number of targets
identified was limited to 300. Additionally, to minimize discrepancies and ensure consis-
tency across the various databases used, we retrieved the UniProt IDs from the UniProt
database [24]. The intersection of the targets identified for the selected compounds with
the proteins encoded by genes relevant for melanoma was made using the Interactivenn
web tool [33].
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2.10.4. Protein—Protein Interaction, Network Construction and Functional
Enrichment Analysis

The protein targets of compounds relevant to melanoma were imported into the
STRING database [34] to identify interactions in Homo sapiens. The resulting STRING data
was then imported into Cytoscape (v3.10.4) [35] to construct a protein—protein interaction
network, further used to analyze the degree, betweenness centrality, and closeness centrality
of the nodes. Furthermore, a custom functional enrichment analysis was performed in
Metascape v3.5.20260701 [36] using the KEGG Pathway, GO Biological Processes, and Wiki
pathways as source databases to identify biologically relevant pathways in which these
targets are found.

2.11. Molecular Docking

Molecular docking was performed to investigate the potential interactions of quercetin
and ellagic acid with the four top-ranked protein targets identified by the network topo-
logical analysis, namely ERBB2, CTNNB1, HSP90AA1 and HDACS. The crystal structures
of human ERBB2 (PDB ID: 3PP0), CTNNB1 (PDB ID: 7AFW), HSP90AA1 (PDB ID: 6LR9)
and HDACS®6 (PDB ID: 5EDU) were retrieved from the RCSB Protein Data Bank. Prior to
docking, the co-crystallized ligands, water molecules and other non-protein components
were removed from the receptor structures using PyMOL v 3.1. Molecular docking sim-
ulations were performed using AutoDock Vina v1.2.x implemented in PyRx version 0.8.
The binding sites were defined based on the positions of the respective co-crystallized
ligands. The grid centers (x, y, z) were 16.906, 17.389, and 25.824 A for ERBB2; 60.714,
—40.567, and 17.955 A for CTNNB1; 2.711, 35.559, and 23.507 A for HSP90AA1; and 9.973,
—47.820, and 103.754 A for HDAC6. The corresponding grid dimensions were 12.427 X
19.309 x 11.445 A, 14.116 x 9.510 x 8.806 A, 15.244 x 16.134 x 12.018 A, and 25.000 x
21.131 x 25.000 A, respectively. An exhaustiveness value of 8 was used for all docking
calculations. For each ligand—target complex, the pose with the lowest predicted binding
energy was selected for subsequent interaction analysis. The selected docking poses and
their protein-ligand interactions were analyzed and visualized using BIOVIA Discovery
Studio Visualizer 2024 (Dassault Systémes, San Diego, CA, USA).

3. Results

3.1. Phytochemical Characterization
3.1.1. LC-MS Phenolic Components Profile

Small-flowered willowherb alcoholic extracts E1-E4 were subjected to LC-MS and an-
alyzed under identical solution and instrumental conditions. Obtained results revealed the
identification/quantification, according to their Rt and m/z values, of a total of 15 polyphe-
nols in E1-E4 extracts, with some differences in terms of their quantification in each extract
(Table 2). The identified phytocompounds fall into polyphenolic acid groups including
cinnamic acid derivatives, flavonoids, flavones and flavonols. Following their elution
intervals, identified phytocompounds were: caftaric acid, gentisic acid, chlorogenic acid,
caffeic acid, p-coumaric acid, ferulic acid, hyperoside, isoquercitrin, rutin, myricetin, fisetin,
quercitrin, quercetol, luteolin, and apigenin, expressed as pg/mg dry extract (d.e.)

The most abundant phenolic components identified in the extracts was hyperoside, as
dominant polyphenol, accompanied by smaller concentrations of caftaric acid, gentisic acid,
myricetin and quercitrin. LC-MS results revealed also the presence of other compounds
that were identified, some of them in trace amounts, falling below the limit of quantifi-
cation in some cases., such as chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid,
isoquercitrin, rutin, myricetin, fisetin, quercitrin, quercetol, luteolin, and apigenin.

https://doi.org/10.3390/scipharm94030071


https://doi.org/10.3390/scipharm94030071

Sci. Pharm. 2026, 94, 71

9 of 33

Table 2. Polyphenolic profile of Small-flowered willowherb extracts samples E1, E2, E3 and E4
analyzed by LC-MS.

+1+
No. Compound Name (n?itn) [I\&}/Iz)] (pg/n‘]s; d.e) (ughr]fé de) (pg/rr]fg d.e) (ug/n]fg d.e)
1. Caftaric acid 1.96 311 2.60 2.97 2.38 2.4
2. Gentisic acid 2.67 153 0.83 0.54 0.38 0.35
3. Chlorogenic acid 6.45 353 <LOQ <LOQ <LOQ 0.86
4. Caffeic acid 6.97 179 0.3 <LOQ <LOQ <LOQ
5. P-coumaric acid 10.56 163 1.17 <LOQ 0.35 0.8
6. Ferulic acid 13.91 193 ND ND ND <LOQ
7. Hyperoside 21.56 463 26.49 24.84 25.12 24.28
8. Isoquercitrin 22.50 463 <LOQ 0.92 2.07 2.10
9. Rutin 23.01 609 ND <LOQ <LOQ <LOQ
10. Myricetin 24.29 317 13.03 3.13 <LOQ <LOQ
11. Fisetin 25.68 285 ND ND ND <LOQ
12. Quercitrin 26.18 447 2.3 2.28 1.65 2.26
13. Quercetol 30.38 301 2.66 <LOQ <LOQ ND
14. Luteolin 32.78 285 0.33 <LOQ <LOQ <LOQ
15. Apigenin 36.91 269 0.11 <LOQ <LOQ <LOQ
Notes: ND—not detected, below the limit of detection; <LOQ—not quantified, below the limit of
quantification.

LC-MS analysis indicated similar results for all extracts in terms of polyphenols
concentrations and expression, with some differences regarding some phytocompounds
such as, myricetin, quercetol or isoquercitrin. The presence of the dominant compound,
hyperoside respectively, was almost equivalent in the E1-E4 extracts. The richest extract
consistent with the concentration of identified compounds was E1, while E2-E4 expressed
similar amounts of phytocompounds.

3.1.2. Total Phenolic Content

The total phenolic content (TPC) of the four E. parviflorum extracts was determined
using the Folin—-Ciocalteu assay and expressed as mg gallic acid equivalents per gram of
dry extract (mg GAE/g extract). Preliminary experiments were performed for concentra-
tions ranging between 25 and 500 pg/mL. The method was performed with an extract
concentration of 200 nug/mL, which ensured absorbance values within the linear range of
the calibration curve. Gallic acid calibration curve was linear over the concentration range
of 0-200 ng/mL, with the regression equation y = 0.0101x + 0.0059 and R? = 0.9990. The
test was performed in triplicate and the results were reported as mean value & standard
deviation (SD) in Table 3.

Table 3. Total phenolic content of the analyzed extracts.
Extract Corrected Abs GAE from Curve TPC
E1l 0.593 + 0.002 58.13 + 0.20 ug/mL 290.6 + 1.0 mg GAE/g extract
E2 1.151 4= 0.005 113.41 + 0.45 pg/mL 567.0 = 2.2 mg GAE/g extract
E3 0.574 £ 0.002 56.25 £ 0.20 ug/mL 281.2 £ 1.0 mg GAE/g extract
E4 1.006 £ 0.003 99.02 £+ 0.30 ug/mL 495.1 + 1.5 mg GAE/g extract

In this study, the TPC values ranged from 281.2 + 1.0 to 567.0 £ 2.2 mg GAE/g extract.
Among the analyzed samples, E2 showed the highest TPC value, followed by E4, E1 and
E3. E2 and E4, the extracts performed with ethanol 60%, showed higher TPC values, with
567.0 £ 2.2 and 495.1 & 1.5 mg GAE/g extract, respectively. The 40% ethanol extracts, E1
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and E3, showed significantly lower values of 290.6 £ 1.0 and 281.2 £ 1.0 mg GAE/g extract,
respectively. Thus, the decreasing order of TPC was E2 > E4 > E1 > E3.

3.1.3. Total Flavonoid Content

The total flavonoid content (TFC) was determined using the aluminum chloride
colorimetric assay and was expressed as mg quercetin equivalents per gram of dry ex-
tract (mg QE/g extract). Preliminary tests were performed for a concentration range of
200-3000 pg/mL. The assay was performed at an extract concentration of 2000 pug/mL,
that was selected because this concentration provided absorbance values within the linear
range of the calibration curve. The quercetin calibration curve showed excellent linearity
over the concentration range of 0-200 pg/mL, with the regression equation y = 0.0066x +
0.0065 and R? = 0.9995. The test was performed in triplicate and the results were reported
as mean value + standard deviation (SD) in Table 4.

Table 4. Total flavonoid content of the analyzed extracts.

Extract

Corrected Abs QE from Curve TFC

El
E2
E3
E4

0.196 £ 0.001 28.71 + 0.15 ug/mL 14.36 £ 0.08 mg QE/g extract
0.301 £ 0.002 44.62 & 0.30 ug/mL 22.31 £ 0.15 mg QE/g extract
0.243 + 0.001 35.83 + 0.15 ug/mL 17.92 £ 0.08 mg QE/g extract
0.286 + 0.002 42.30 + 0.23 ug/mL 21.15 + 0.12 mg QE/g extract

For the analyzed extracts, the TFC values ranged from 14.36 £ 0.08 to 22.31 £ 0.15 mg
QE/g extract. E2 proved the highest flavonoid content, namely 22.31 &+ 0.15 mg QE/g
extract, followed by E4, with 21.15 & 0.12 mg QE/g extract. Lower values were obtained
for E3 and E1, with 17.92 & 0.08 and 14.36 £ 0.08 mg QE/g extract, respectively. The
decreasing order of TFC was therefore E2 > E4 > E3 > E1. Similar to the TPC results, the
60% ethanol extracts displayed higher flavonoid contents than the corresponding 40%
ethanol extracts.

3.1.4. Condensed Tannin Content

Condensed tannin content (CTC) was determined using the vanillin-HC] method
and expressed as mg catechin equivalents per gram of dry extract (mg CE/g extract).
Preliminary tests were performed for a concentration range of 500-5000 pug/mL. The assay
was performed at an extract concentration of 4000 png/mL, which provided absorbance
values within the catechin calibration range. The catechin calibration curve showed excel-
lent linearity over the concentration range of 0-200 ug/mL, with the regression equation
y = 0.0028x — 0.0061 and R? = 0.9996. The test was performed in triplicate and the results
were reported as mean value + standard deviation (SD) in Table 5.

Table 5. Condensed tannin content of the analyzed extracts.

Extract

Corrected Abs CE from Curve CTC

El
E2
E3
E4

0.1003 + 0.0006 38.01 & 0.21 ug/mL 9.50 & 0.05 mg CE/g extract
0.0917 £ 0.0006 34.92 £+ 0.21 pg/mL 8.73 £ 0.05 mg CE/g extract
0.124 £ 0.0010 46.46 £ 0.36 ug/mL 11.62 £ 0.09 mg CE/g extract
0.125 £ 0.0010 46.82 £ 0.36 ug/mL 11.71 £ 0.09 mg CE/g extract

The extracts showed CTC values that varied from 8.73 & 0.05 to 11.62 £ 0.09 mg
CE/g extract. Extracts E4 and E3 presented the highest condensed tannin contents, with
11.71 4 0.09 and 11.62 + 0.09 mg CE/g extract, respectively. E1 showed an intermediate
value of 9.50 & 0.05 mg CE/g extract, while E2 showed the lowest value, 8.73 4= 0.05 mg
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CE/g extract. The decreasing order of CTC was therefore E4 ~ E3 > E1 > E2. In contrast
to TPC and TFC, the condensed tannin content did not follow the same extract ranking,
indicating that the catechin-reactive condensed tannin fraction varied independently from
the global Folin-reactive phenolic content.

3.1.5. Comparative Phytochemical Overview of the Extracts

Overall, the spectrophotometric assays revealed that the 60% ethanol extracts, espe-
cially E2 and E4, were richer in total phenolic and flavonoid compounds than the 40%
ethanol extracts. However, this pattern was not observed for condensed tannins, for which
the Soxhlet extracts, particularly E3 and E4, showed the highest values.

Interestingly, the LC-MS profile indicated E1 as the richest extract in terms of quantified
targeted polyphenols, mainly due to its higher levels of myricetin and quercetol. In contrast,
the global spectrophotometric assays indicated E2 as the richest extract in total phenolic
and flavonoid content. This apparent difference may be explained by the fact that LC-
MS quantified only selected individual compounds, whereas the Folin-Ciocalteu and
aluminum chloride assays estimate broader classes of reducing phenolic compounds and
flavonoid-like molecules. Therefore, the chemical characterization suggests that extraction
solvent and method influenced not only the total amount of phytochemicals, but also the
relative distribution of different phenolic subclasses.

3.2. Epilobium parviflorum Effect on Cell Viability

The results obtained after the assessment of cell viability revealed that, after 24 h treat-
ment, all four extracts (E1-E4) induced a concentration-dependent cytotoxic effect across
all the tested cell lines. Overall, the decrease in cell viability was statistically significant
starting at 360 ug/mL, with the strongest effects being observed at 720 and 1000 pg/mL.

In the HaCaT cell line all the extracts induced a dose-dependent decrease in viabil-
ity; however, the observed reduction was generally moderate compared to the effects
on the cancer cell lines. Statistical significance was obtained for all extracts only at the
highest treatment doses (720 and 1000 ug/mL), as follows: 69.55% =+ 9.0 (1000 ug/mL E1),
76.36% £ 6.3 and 70.96% =+ 3.7 (720 and 1000 pg/mL E2), 74.09% =+ 4.3 (1000 ng/mL E3)
and 80.75% =+ 4.4 (1000 ug/mL E4) vs. the positive control, 5- FU (35.88% =+ 4.0) and vs.
the control (100%) (Figure 1A-C).

In A375 melanoma cells, all extracts decreased cell viability in a concentration-
dependent manner, with the most pronounced effects observed at intermediate and high
concentrations (360-1000 pg/mL). E3 induced the strongest antiproliferative activity start-
ing at 36 ug/mkL: 64.13% =+ 8.4 (36 ug/mL), 55.69% =+ 7.9 (360 ng/mL), 45.10% =+ 4.6
(720 ng/mL) and 28.01% = 7.26 (1000 pg/mL). E1 and E4 also strongly decreased cell via-
bility, as follows: 57.18% = 4.9 (360 ug/mL), 49.96% =+ 10.1 (720 ng/mL) and 35.41% + 11.8
(1000 pg/mL)—E1l and 61.17% =+ 9.1 (360 ug/mL), 54.12% + 6.7 (720 pg/mL) and
46.92% + 4.0 (1000 pg/mL)—E4 vs. 19.65% =+ 3.6 5-FU (100 uM) and vs. control (100%)
(Figure 1D-F).

All four extracts (E1-E4) induced a clear dose-dependent decrease in PANC-1 cell
viability, but the intensity of the effect differed between extracts. The strongest antiprolifer-
ative effect was again observed for E3. Cell viability decreased to 77.37% =+ 9.5 (36 ug/mL),
65.04% =+ 4.8 (360 ug/mL), 49.93% =+ 4.9 (720 ug/mL) and to 24.30% =+ 4.7 (1000 ug/mL) vs.
control (100%). E1, E2 and E4 significantly decreased cell viability starting with 360 ng/mL:
72.18% £ 10.1, 65.70% =+ 12.2 and 73.08% = 8.1 (360 pg/mL), 54.10% =+ 14.4, 61.63% + 10.1
and 61.13% £ 7.7 (720 pg/mL), 34.51% =+ 4.3, 53.35% =+ 13.2 and 46.84% =+ 6.0 (1000 png/mL)
vs. 40.98% =+ 2.2 5-FU (100 uM) and vs. control (100%) (Figure 1G-I).
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Figure 1. Effects of E. parviflorum extracts E1-E4 and 5-FU (positive control) on cell viability. HaCaT
(A-C), A375 (D-F), PANC-1 (G-I), HT-29 (J-L), and SK-OV-3 (M-0O) cells were treated for 24 h
with 3.6, 36, 360, 720, and 1000 ug/mL E1-E4 and with 1, 10, 25, 50, and 100 pM 5-FU, respectively.
Panels (A,D,G,J,M) show the effects of E1 and E2; panels (B,E,H,K,N) show the effects of E3 and
E4; and panels (C,F,I,L,0) show the effects of 5-FU. No macroscopic precipitation was observed in
the working solutions at the highest tested concentrations. The results are expressed as viability
percentages compared to the control group, considered 100% (* p < 0.05; ** p < 0.01; *** p < 0.001
vs. control cells). The data represents the mean values + SD of three independent experiments
performed in triplicate.

Similar results were observed when all extracts were tested on HT-29 cell line, however,
the response observed is more moderate compared to those observed in A375, PANC-1 and
SK-OV-3 cell lines. The most notable decrease was observed at 1000 pg/mL for all extracts
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(E1-4: 47.65% £ 9.3, 59.23% =+ 6.1, 59.41% =+ 5.9 and 64.02% =+ 6.7), followed by 720 pg/mL
(E1-4 67.23% £ 6.1, 73.48% =+ 5.3, 66.13% =+ 3.0 and 84.66% =+ 4.7) and at 360 ug/mL only
for E1 (74.09% =+ 1.9) and E3 (73.37% = 3.4) vs. 25.96% =+ 4.5 5-FU (100 uM) and vs. control
(100%)—Figure 1J-L.

Compared with normal HaCaT cells and with HT-29 cancer cell line, the ovarian
SK-OV-3 cancer cell line was more sensitive, especially at intermediate and high concentra-
tions. From all the tested extracts, E3 elicited the most notable decrease in cell viability, as
follows: 74.86% =+ 3.8 (36 pg/mL), 65.01% =+ 2.5 (360 ng/mL), 48.86% =+ 4.1 (720 ng/mL)
and 35.72% =£ 5.2 (1000 pg/mL). Similar decreases were also recorded for E1 and E2 start-
ing with 360 pg/mL: 63.61% =+ 5.5 and 61.58% =+ 3.0 (360 ng/mL), 55.42% =+ 4.9 and
56.96% =+ 5.2 (720 pg/mL), 39.36% =+ 2.5 and 43.57% =+ 3.6 (1000 ng/mL). In contrast, E4
significantly decreased cell viability only at 720 ug/mL (73.16% = 5.0) and 1000 pg/mL
(54.04% =+ 4.1) vs. 23.48% =+ 5.0 5-FU (100 uM) and vs. control (100%)—Figure 1IM-O.

Overall, HaCaT cells appear to be less sensitive to the extracts compared to cancer
cell lines, especially at low and intermediate concentrations. However, considering the
obtained results and the calculated ICs; values, the most relevant candidates for further
investigation are those that are able to elicit the highest decrease in the viability of multiple
cancer cell lines at doses that preserve HaCaT viability, particularly E1 and E3 (Table 6).

Table 6. The calculated ICs values (ug/mL) of E. parviflorum extracts E1-E4 in HaCaT, A375, PANC-1,
HT-29 and SK-OV-3 cells after 24 h exposure.

Cell Line El E2 E3 E4 5-FU
HaCaT >1000 >1000 >1000 >1000 59.92 +£ 49
A375 664.1 + 50.7 908.2 £61.1 557.4 + 38.5 832.9 + 56.5 1317 £ 1.2
PANC-1 759.5 £ 46.2 993.2 £ 52.1 627.4 = 25.8 906.69 + 51.2 63.68 = 3.7
HT-29 983.8 = 48.7 >1000 >1000 >1000 3492 +£29
SK-OV-3 767.1 £ 25.2 808.7 + 30.7 692.2 + 31.9 >1000 29.89 £1.9

Values >1000 indicate that the IC5y was not reached within the tested concentration range.

3.3. Epilobium parviflorum Effect on Cell Morphology

Treatment with 360 pg/mL E1 and E3 induced evident morphological changes in the
A375 cells’ nuclei and cytoskeleton. In particular, besides cytoskeletal disorganization, loss
of structural integrity and the presence of cellular debris/apoptotic body-like structures, the
cells’ nuclei become more condensed and fragmented after the treatment. All the observed
morphological changes are characteristic for non-lytic/apoptotic cell death, especially when
compared with the morphological changes induced by staurosporine, the positive control
for lytic cell death (Figure 2).

Similar findings were also observed after E1 and E3 treatment in PANC-1 cell line
(Figure 3) and SK-OV-3 cell line (Figure 4).

3.4. Epilobium parviflorum Effect on Mitochondrial Respiration

High-resolution respirometry revealed that at 360 pg/mL both E1 and E3 impair
mitochondprial respiration in all three tested cancer cell lines (Figures 5-7). This inhibitory
effect was noticeable not only in OXPHOS-linked respiration but also in the uncoupled
ETS capacity, thus highlighting the global reduction in mitochondrial performance, rather
than a selective inhibition of a single respiratory state. Overall, E3 induced the strongest
inhibition compared to E1. In the A375 cell line, E1 and E3 significantly decreased all mito-
chondrial respiratory rates. Across OXPHOS- and ETS-linked states, the values decreased
from 47.82 + 8.5 (OXPHOSCI), 74.28 + 7.1 (OXPHOSCI+II), 66.63 + 8.6 (ETSCI+II) and
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30.25 4+ 5.8 (ETSCII) to 34.02 + 4.5, 52.34 + 7.5, 30.53 4+ 4.1 and 15.75 4+ 3.1 (E1) and to
15.27 £5.1,23.96 £+ 4.3,19.51 &+ 3.5 and 11.16 + 2.8 (E3), respectively (Figure 5).

A375
, . Hoechst nuclear
Merged fluorescence  B-actin staining (green) staining (blue)

ContrOI - - -
[sopm) [soum] e
Stauro-- - -
sporine
(s0um | s0um | [5oum |

“

Figure 2. The impact of 24 h treatment with 360 ug/mL E1 and E3 on A375 cells’ nuclei
(blue—Hoechst staining) and cytoskeleton (3-actin—green staining). Staurosporine (5 uM) was
used as a positive control for apoptosis induction. The yellow arrows indicate morphological changes
that are suggestive of apoptosis. The scale bar represents 50 pm at 40x magnification.

A similar trend was observed also in PANC-1 cell line; E1 decreased OXPHOSCI and
OXPHOSCIHII from 26.33 £ 10.9 and 39.26 & 3.5 t0 19.09 & 2.7 and 33.85 & 3.1, respectively,
whereas E3 was able to decrease both OXPHOSCI and OXPHOSCI+II to 13.11 4+ 1.8 and
24.13 + 3.4, respectively. ETSCI+II decreased from 55.92 + 9.9 to 35.62 &+ 6.3 (E1) and
30.74 + 3.3 (E3), while ETSCII decreased from 24.19 4+ 4.4 to 12.68 + 4.0 (E1) and 6.8 £ 2.3
(E3) (Figure 6).
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In SK-OV-3 cell line, E1 and E3 reduced OXPHOSCI, OXPHOSCI+II, ETSCI+CII, and
ETSCII respiration, with values decreasing from 22.68 £ 5.1, 32.53 & 4.0, 38.68 & 4.3 and
28.02 + 3.2t0 13.67 +4.1,24.08 + 4.6, 27.03 + 3.5 and 18.69 +4.47 (E1) and to 11.35 + 3.2,
16.09 £ 4.4,18.14 £ 6.2 and 12.78 £ 3.1 (E3), respectively (Figure 7).

PANC-1

Hoechst nuclear

Merged fluorescence  [B-actin staining (green) staining (blue)

Control

Stauro-
sporine

Figure 3. The impact of 24 h treatment with 360 pg/mL E1 and E3 on PANC-1 cells’ nuclei
(blue—Hoechst staining) and cytoskeleton (3-actin—green staining). Staurosporine (5 uM) was
used as a positive control for apoptosis induction. The yellow arrows indicate morphological changes
that are suggestive of apoptosis. The scale bar represents 50 pm at 40 x magnification.

3.5. Target Prediction and Network Pharmacology

The intersection of potential protein targets for the selected compounds with proteins
encoded by relevant melanoma genes yielded 11 shared targets. Among the selected com-
pounds, ellagic acid exhibited the highest target overlap with melanoma-relevant proteins
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with nine shared targets (ERBB2, BAP1, HDACS6, IGF1R, CYLD, CTNNB1, HSP90AA1,
RAC1, and PTPN13), followed by quercetin with two shared targets (ERBB4 and ZEB2)
(Figure 8A). Neither caftaric acid, myricetin nor gallic acid yielded any shared targets under
the applied criteria and were further excluded from the analysis. Furthermore, following
the STRING network analysis at a high-confidence threshold (>0.7) (Figure 8B), three targets
(BAP1, PTPN13 and ZEB2), appeared as disconnected nodes and were excluded, resulting
in a final set of eight connected protein targets, namely ERBB2, HDACS6, IGF1R, CYLD,
CTNNBI, HSP90AA1, RAC1 and ERBB4 (Figure 8B).

SK-OV-3

: - Hoechst nuclear
Merged fluorescence  B-actin staining (green) staining (blue)

Control

Stauro-
sporine

E1

E3

Figure 4. The impact of 24 h treatment with 360 ug/mL E1 and E3 on SK-OV-3 cells’ nuclei
(blue—Hoechst staining) and cytoskeleton (B-actin—green staining). Staurosporine (5 uM) was
used as a positive control for apoptosis induction. The yellow arrows indicate morphological changes
that are suggestive of apoptosis. The scale bar represents 50 pm at 40 x magnification.
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Figure 5. Mitochondrial respiratory rates of permeabilized A375 cells after treatment with 360 pug/mL
for E1 and E3. Results are expressed as mean values & SD of three independent experiments.
(*p <0.05; ** p <0.01; ** p < 0.001 vs. control cells).
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Figure 6. Mitochondrial respiratory rates of permeabilized PANC-1 cells after treatment with
360 pg/mL for E1 and E3. Results are expressed as mean values £ SD of three independent experi-
ments. (* p <0.05; ** p <0.01; *** p < 0.001 vs. control cells).

SK-OV-3 Hl Control
D E1 360 pg/ml
EE 13 360 pg/ml
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Q
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Figure 7. Mitochondrial respiratory rates of permeabilized SK-OV-3 cells after treatment with
360 png/mL for E1 and E3. Results are expressed as mean values £ SD of three independent experi-
ments. (* p <0.05; ** p <0.01; *** p < 0.001 vs. control cells).
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A

Melanoma
(308)

Ellagic acid
(300)

Quercetin (299)

Figure 8. Venn diagram illustrating the overlap between the predicted protein targets of ellagic acid
and quercetin with the top melanoma-associated proteins retrieved from GeneCards (Panel (A));
STRING protein—protein interaction network of the 11 shared targets at a high-confidence interaction
threshold (>0.7) (Panel (B)).

The protein—protein interaction network constructed in Cytoscape included eight
nodes, represented by the previously connected protein target identified, and 22 edges,
representing the interactions between the targets, with a clustering coefficient of 0.33 and
a network density of 0.393 (Figure 9A). The topological analysis highlights four potential
top targets for ellagic acid and quercetin based on the degree, betweenness centrality and
closeness centrality scores, namely ERBB2, CTNNB1, HSP90AA1 and HDACG6 (Table 7).

N

ERBB4

CYLD

B RAC1
| |G0:0007173: epidermal growth factor receptor signaling pathway
| G0:0043066: negative regulation of apoptotic process
N WP5353: Macrophage stimulating protein MSP signaling
] WP5426: HDACG interactions in the central nervous system
G0:0060828: regulation of canonical Wnt signaling pathway
G0:0032886: regulation of microtubule-based process
G0:0012501: programmed cell death
0 2 4 6 8

-log10(P)

Figure 9. Protein—protein interaction network using yfiles circular layout. The gradient color of the
nodes, from beige to dark purple, is proportional to the degree score of the node (Panel (A)); functional
enrichment analysis highlighting the top biological pathways and processes from KEGG Pathway,
GO Biological Processes, and WikiPathways databases. Enrichment significance is expressed as
—logio(p), with longer bars indicating greater statistical significance (Panel (B)).
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Table 7. Topological parameters of the protein—protein interaction network.

Target Degree Betweenness Centrality Closeness Centrality

ERBB2 8 0.151 0.636
CTNNB1 8 0.7 0.381

HSP90AA1 8 0.214 0.636

HDAC6 6 0.317 0.636

IGF1R 6 0.032 0.583

ERRB4 4 0 0.5

CYLD 2 0 0.412

RAC1 2 0.438 0

The enrichment analysis performed using relevant biological databases (KEGG Path-
way, GO Biological Process, and WikiPathways) revealed that the eight targets are predom-
inantly enriched cancer-related pathways and processes (Figure 9B).

3.6. Molecular Docking

Molecular docking was performed to examine the interaction profiles of quercetin and
ellagic acid with the four top-ranked targets identified by network topological analysis,
namely ERBB2, CTNNB1, HSP90AA1, and HDACS6 (Table 8). Among the investigated tar-
gets, the lowest binding energies for both phytocompounds were obtained with ERBB2 and
HSP90AAL. In the ERBB2 complex, ellagic acid yielded a binding energy of —9.6 kcal/mol,
closely followed by quercetin at —9.4 kcal/mol, whereas the co-crystallized ligand 03Q
showed a value of —11.1 kcal/mol. Therefore, although both phytocompounds were ac-
commodated within the selected ERBB2 binding site, their predicted affinities remained
lower than that of the reference ligand. For HSP90AAL1, ellagic acid and quercetin yielded
binding energies of —9.3 and —9.0 kcal/mol, respectively, compared with —8.6 kcal/mol
for the co-crystallized ligand EOR. In this case, both phytocompounds displayed slightly
lower calculated binding energies than the reference ligand, with ellagic acid showing the
lowest value among the three compounds.

Table 8. Molecular docking results of quercetin and ellagic acid against the selected protein targets.

Co-Crystallized Ligand

Native Ligand Docking Score .\ i (iccal/mol)  Ellagic Acid (kcal/mol)

(kcal/mol)
03Q —-11.1 -94 —-9.6
R9Q —6.2 —5.8 —6.2
EOR —8.6 -9.0 -9.3
TSN —84 -7.1 —6.8

In contrast, less favorable docking scores were obtained for CTNNB1 and HDACS6,
particularly for quercetin against CTNNB1 and for both phytocompounds against HDAC6
when compared with the corresponding co-crystallized ligands.

The three-dimensional binding poses of ellagic acid and quercetin within the
HSP90AA1 binding site are shown in Figure 10. Ellagic acid (Figure 10A) adopted a
relatively compact orientation within the binding cavity, with its fused aromatic scaffold
positioned predominantly within hydrophobic regions of the pocket, while its oxygen-
containing groups were oriented toward less hydrophobic areas. Quercetin (Figure 10B)
displayed a more extended binding orientation, spanning a broader region of the cavity. Its
aromatic rings were accommodated within hydrophobic regions, whereas the hydroxyl
and carbonyl groups were preferentially oriented toward more polar areas of the binding
site. These differences in spatial accommodation were accompanied by slightly different
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docking scores, with ellagic acid showing a binding energy of —9.3 kcal/mol compared
with —9.0 kcal/mol for quercetin.

A

-

i 4

Hydrophobicif

3.00
2.00

1.00 7
0.00
-1.00
2.00

Figure 10. Three-dimensional representation of the predicted binding poses of ellagic acid (A) and
quercetin (B) within the HSP90A A1 binding site (PDB ID: 6LR9). The binding-site surface is repre-
sented according to hydrophobicity, ranging from hydrophilic (blue) to hydrophobic (brown) regions.

The analysis of the surrounding amino acid environment further showed that the
two ligands occupied largely overlapping regions of the HSP90AA1 binding pocket
(Figure 11A,B). Several residues were located in the vicinity of both compounds, including
Leu29, Met30, I1e33, 11e91, Phel38, Tyrl39, Alal41, Ala145, Val148, Vall86, and Leul88.
Despite this common binding environment, the two ligands adopted distinct orientations
within the cavity, reflecting differences in their molecular geometry and distribution of
oxygen-containing functional groups. The extensive positioning of their aromatic scaf-
folds within the surrounding non-polar environment is consistent with the hydrophobic
complementarity observed in the surface representations (Figure 10A,B).
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Figure 11. Three-dimensional representation of the predicted binding modes of ellagic acid (A) and
quercetin (B) within the HSP90A A1 binding site (PDB ID: 6LR9), showing the surrounding amino
acid residues.

The two-dimensional interaction analysis further revealed distinct interaction patterns
for the two compounds (Figure 12). Ellagic acid formed a conventional hydrogen bond with
Tyr139, while its aromatic scaffold was involved in several m-mediated contacts, including
interactions with Leul07 and Phel38, together with a —sulfur interaction involving Met98.
Additional van der Waals contacts contributed to its accommodation within the binding site.
Quercetin displayed a more extensive hydrogen-bonding pattern, involving Tyr139, Gly135,
and Asp93, accompanied by n-mediated interactions with Phel38, Leu107, and Alalll and
several surrounding van der Waals contacts. Notably, Tyr139, Phe138, and Leul07 were
involved in the interaction profiles of both ligands, indicating partially shared molecular
recognition within the HSP90AA1 binding pocket. Despite the larger number of hydrogen
bonds observed for quercetin, ellagic acid showed a slightly lower docking energy (Table 8),

https://doi.org/10.3390/scipharm94030071


https://doi.org/10.3390/scipharm94030071

Sci. Pharm. 2026, 94, 71

22 of 33

suggesting that the calculated binding score reflects the combined contribution of multiple
non-covalent interactions rather than hydrogen bonding alone.

A LEU
PHE A:103
A:22 VAL
A:150
Al62 gy M
. MET
A:GlL(Y)8 0 N A:98
o VAL
0 A:186
0
0]
%,
YR 0 o
A:139
0
ASN
A:51
l[i]mz:,::r Waals I Fi-pi Stacked
I conventional Hydrogen Bond I Fi-pi T-shaped
B Fisigma [ Pyl
[ Pi-sulfur
B VA
ALA TYR A:150
ATl Al39
MET
Ho o & A48
ASN
i A1
VAL
A:186
0
0 0
VAL H
A:136
5 SER
A:52
A13s ’
ALEO7 |
A13s % THR ASP
A:184 A:93
m;e]mj::::r Waals B Fi-pi Stacked
[ conventional Hydrogen Bond [ Pi-Alkyl

Figure 12. Two-dimensional interaction diagrams of ellagic acid (A) and quercetin (B) within the
predicted HSP90AA1 binding site (PDB ID: 6LR9), showing hydrogen bonds, van der Waals contacts,
and m-mediated interactions identified using BIOVIA Discovery Studio Visualizer 2024.

4. Discussion

The current study provides preliminary significant evidence regarding the phytochem-
ical composition and cytotoxic potential of hydroalcoholic extracts prepared from the aerial
parts of E. parviflorum Schreb. The comparative assessment of the four extracts obtained
through various extraction procedures using different solvents allowed the identification of
chemical differences due to extraction and also differences in the biological effects exerted
against several cell lines.
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The phytochemical assessment of the four E. parviflorum extracts revealed that the
extraction parameters influenced the recovery of different phenolic compounds. E2 and E4
extracts displayed the highest TPC and TFC values which suggests that the 60% ethanol
composition favored the extraction of phenols and flavonoids, presumably due to the fact
that hydroalcoholic solvents combine the water-mediated swelling of the plant matrix with
ethanol’s ability to solubilize compounds of moderate polarity. Consequently, the 60%
ethanol:water solvent produced extracts richer in total phenolic and flavonoid compounds
compared to the 40% ethanol:water counterpart. The similar profile reported for TPC and
TFC suggests that flavonoids contributed in part to the Folin—Ciocalteu reaction which
is consistent with the already reported phytochemical composition of Epilobium species
consisting of flavonoids such as quercetin, myricetin, kaempferol and their glycosides,
together with phenolic acids and tannins [6,37]. However, since the Folin-Ciocalteu assay is
not specific for phenolic compounds alone but rather assesses the overall reducing capacity
of the sample, the TPC values should be regarded as gallic acid equivalent Folin-reactive
components rather than individual polyphenols [38].

In contrast to TPC and TFC, the condensed tannin content followed a different pattern.
E3 and E4 extracts revealed the highest CTC values, while E2, although showing the highest
TPC and TFC values, displayed the lowest CTC thus suggesting that condensed tannins
represented only a limited fraction of the total phenolic content of the investigated extracts.
The CTC values, ranging from 8.73 &£ 0.05 to 11.71 & 0.09 mg CE/g extract, confirm the
presence of condensed tannins in the analyzed extracts but also indicate that such com-
pounds are not the main contributors to the total phenolic content. These findings are in
agreement with previous studies that reported the occurrence of condensed tannins in
E. parviflorum extracts based on their reaction with vanillin; as an example, Merighi et al.
reported condensed tannin contents of 1.04 + 0.01, 1.43 £ 0.01 and 0.56 £ 0.06 ug CE/uL
liquid extract for hot glycerate, cold glycerate and 40% ethanolic E. parviflorum extracts,
respectively [39]. Conversely, compared to the current study, Kyriakou et al. reported
different condensed tannin values for E. parviflorum dry extracts [6], presumably due to
variations in plant origin, extraction procedure, fraction type and standardization approach.
Moreover, the vanillin assay can be influenced by several experimental parameters, such as
the solvent composition, reaction time, temperature, pH as well as the molecular structures
of the tannins [40]. Therefore, CTC values obtained as a result of this colorimetric method
should be interpreted as catechin-equivalent estimates rather than as absolute concentra-
tions of all condensed tannins. Consequently, liquid chromatography remains essential to
identify individual flavonoids, phenols and tannins.

The LC-MS analysis performed in negative ion SIM mode revealed the presence of
flavonols in the E. parviflorum extracts, with hyperoside as the main compound; hyper-
oside was identified in all four samples in comparable amounts, ranging from 24.28 to
26.49 pug/mg d.e., which indicates the limited influence exerted on its recovery by both
the extraction technique and the ethanol concentration. The predominance of hyperoside
is consistent with previous phytochemical investigations on Epilobium species. Karakaya
et al. reported hyperoside as a major compound in several Epilobium species and high-
lighted its significance for the quality control and biological activity assessment of their
extracts [41]. Similarly, Vlase et al. indicated hyperoside, isoquercitrin, quercitrin, rutin,
myricetin, quercetin, kaempferol, luteolin and related phenolic acids as analytical standards
used for the LC-MS/MS characterization of Romanian Epilobium species thus confirming
their significance in the phytochemical analysis of this genus [42]. Although hyperoside
is the main compound, the content in other flavonoids varied according to the extraction
procedure; as such, myricetin is the second most abundant compound in the E1 extract,
reaching much lower concentration in E2 and being below the quantification limit in both
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Soxhlet extracts presumably due to the prolonged exposure to high temperature since the
hydroxylated flavonols are generally significantly prone to oxidative and thermal degrada-
tion. Consequently, maceration with hydroalcoholic solvents appears to better preserve or
extract thermolabile phenolic components. Similar findings were reported by Vlase et al.
who pinpointed the relevance of solvent composition for the preparation of extracts with
optimal phytochemical and biological properties [42]. Isoquercitrin was detected in much
lower amounts compared to hyperoside in all four extracts; since the two compounds are
structural isomers, the higher level of hyperoside may be attributed to the predominance
of the galactosylated quercetin derivative over its glucosylated analog. Phenolic acids were
present merely in minor amounts compared to the flavonol glycosides; among them, caftaric
acid was the most abundant, with concentrations ranging between 2.38 and 2.97 ug/mg
d.e., while other acids (i.e., gentisic, chlorogenic, caffeic, ferulic, sinapic and p-coumaric
acid) occurred in much lower amounts or were below the quantification limit. Such low
levels of phenolic acids may be related to the origin of the vegetal material, harvest condi-
tions, drying and extraction parameters or the limitations of the SIM method. The minor
flavonoid content is also influenced by the extraction procedure; as such, the 40% ethanol
maceration favored the recovery of minor flavonoids. However, Mohammadi Bazargani
et al. emphasized the relevance of environmental factors, plant organ and phenological
stage in the composition of E. hirsutum and E. parviflorum populations [43]. Consequently,
the reported differences should be regarded in relation to the extraction parameters but also
considering the natural phytochemical variability of the plant material. An important limi-
tation of the current LC-MS analysis is that the SIM method involved the use of a predefined
panel of 18 phenolic components, therefore failing to provide a complete characterization
of the E. parviflorum phytocomposition. This is particularly relevant since there are studies
reporting that Epilobium species are also rich in hydrolysable tannins, mainly oenothein B,
which is frequently indicated as their major bioactive components [7,42]. Consequently,
the current data indicate hyperoside as the major compound among those tested but not
necessarily of the entire extract. In terms of pharmacological assessment, the high amount
of hyperoside may be responsible for the antioxidant and anti-inflammatory properties
of Epilobium extracts [7,39] reported in recent studies, although these activities are more
probably the result of synergistic interactions among various classes of phytocompounds
instead of a single compound. Therefore, its presence in the investigated extracts supports
its use as an analytical marker for standardization procedures, while the biological activity
of the extracts should be assessed in relation to their more complex composition.

The extraction yields were comparable among the four preparations, ranging from
15.58% to 18.22%, with the highest value occurring for E3, followed closely by E1. The fact
that both 40% ethanol extracts revealed either the highest extraction yield or the strongest
biological effect is consistent with previous reports that indicated hydroalcoholic solvents
for the extraction of polar and moderately polar phenolic compounds from Epilobium
species [39,42]. However, the extraction yield does not fully predict the biological activity,
since E3, although displaying lower TPC and TFC compared to E2 and E4, exerted stronger
in vitro antiproliferative effects thus indicating that the extraction efficiency should also be
interpreted qualitatively, considering that the biological activity is directly related to the
relative abundance of bioactive constituents, the presence of other unidentified compounds
and also potential synergistic intercomponent interactions.

In terms of the potential relationship between phytochemical composition and ob-
served biological activity, hyperoside, the major compound in all extracts, may be an
important contributor, as it has been reported to inhibit cancer-cell proliferation and to in-
duce ROS-mediated apoptosis [44]. Myricetin may also be involved in the antiproliferative
and mitochondrial effects through apoptosis induction and PI3K/Akt/mTOR signaling
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inhibition [45]. The presence of gentisic acid, caftaric acid and quercitrin could provide
complementary effects owing to their described biological and redox-modulating activi-
ties [46—48]. In summary, the cytotoxic effects of E. parviflorum extracts are probably due to
the synergistic effect of different phenolic components rather than a single compound.

The biological evaluation provides preliminary but significant evidence in terms of the
in vitro cytotoxic activity of E. parviflorum hydroalcoholic extracts against four cancer cell
lines of various origins. A375 human melanoma cells are suitable models for the assessment
of compounds with potential effects against aggressive skin cancers, particularly since pre-
vious studies have already reported the anti-melanoma activity of E. parviflorum extracts [6].
HT-29 cells, derived from human colorectal adenocarcinoma, are frequently used as gas-
trointestinal cancer models and were employed in the assessment of the antiproliferative
and pro-apoptotic effects of E. parviflorum extracts, including the modulation of caspase-3
and caspase-8 expression [10]. PANC-1 cells are derived from pancreatic carcinoma and
frequently serve as in vitro models for the study of potential therapeutics against pancreatic
cancer particularly considering its aggressiveness and poor prognosis [14,49]. SK-OV-3
cells, derived from ovarian adenocarcinoma, are widely used as ovarian cancer models for
drug response and resistance studies, thus being relevant in the preliminary evaluation of
new antiproliferative agents [50].

All tested extracts reduced cancer cell viability in a dose dependent manner, while
HaCaT keratinocytes were less affected, particularly when low and intermediate concen-
trations were used, thus suggesting a certain degree of selectivity toward malignant cells.
Extract E3 showed the lowest IC5 values in A375 melanoma cells, PANC-1 pancreatic car-
cinoma cells and SK-OV-3 ovarian adenocarcinoma cells, with ICs, values of 557.4 ug/mL,
627.4 ug/mL and 692.2 ug/mL, respectively, followed by E1 which also showed relevant
activity. Although the extracts induced a concentration-dependent reduction in cancer cell
viability, the most pronounced effects were observed for the highest concentration range
tested. Considering their complex and unfractionated nature, further fractionation and
evaluation of the enriched fractions and isolated constituents is warranted. In contrast, all
extracts displayed ICsp values above 1000 ug/mL in HaCaT cells, thus suggesting lower
toxicity in non-tumor keratinocytes compared to cancer cells, an important aspect for
selective cytotoxic candidates. The sensitivity of A375 melanoma cells to E. parviflorum
extracts is consistent with previous data that showed that methanolic extracts reduced the
viability of A375 and COLO-679 melanoma cells in a time- and concentration-dependent
manner, while leaving HaCaT keratinocytes practically unharmed [6]. The present findings
add to the existing data by showing that hydroalcoholic extracts, particularly E3, also
exert a strong antiproliferative effect against A375 cells. Compared to the other three cell
lines, HT-29 colorectal adenocarcinoma cells showed a more moderate response; when
used in the highest concentration, all extracts decreased HT-29 viability, but only the E1
extract displayed an ICsy value below 1000 pug/mL. This limited response does not contra-
dict previous reports, but rather reveal the significance of the extraction method, solvent
composition, exposure time and extract standardization; in this regard, earlier studies
reported that aqueous and ethanolic E. parviflorum extracts reduced HT-29 cell viability
in a dose-dependent manner by inducing apoptotic events [10]. The antiproliferative ef-
fects recorded in PANC-1 cells are particularly important due to the poor prognosis, high
aggressiveness and limited therapeutic response that characterize pancreatic cancer [14].
E3 extract induced a marked dose-dependent decrease in PANC-1 viability, with an ICsg
of 627.4 pg/mlL, followed by E1 that also showed relevant activity. Since mitochondrial
oxidative processes are increasingly recognized as promising therapeutic targets in pancre-
atic ductal adenocarcinoma, the antiproliferative effect of E1 and E3 combined with their
inhibitory effect on mitochondprial respiration indicate their interference with cancer cell
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bioenergetics as the underlying molecular mechanisms [51]. The sensitivity of SK-OV-3
ovarian adenocarcinoma cells further expand the cytotoxic range of E. parviflorum; SK-OV-3
cells reacted strongly to the application of E1, E2 and E3 extracts with E3 being the most
active and reducing cell viability in a dose-dependent manner.

The morphological analyses are in agreement with the cytotoxicity data thus suggest-
ing that the reduction in cell viability may be associated, at least partly, with apoptotic
cell death. Treatment with the E1 and E3 extracts induced clear changes in the nuclear
morphology and cytoskeletal organization in A375, PANC-1 and SK-OV-3 cells, being
typical morphological hallmarks of apoptosis [52]. These findings are in line with previous
studies that reported apoptotic effects of E. parviflorum extracts in HT-29 cells and of other
Epilobium species extracts in hormone-dependent prostate cancer cells [9,10].

The high-resolution respirometry provides additional mechanistic information, partic-
ularly for A375, PANC-1 and SK-OV-3 cells. The treatment with E1 and E3 extracts was able
to reduce several mitochondrial respiratory parameters, such as complex I oxidative phos-
phorylation, combined complex I and II respiration and electron transfer system capacity
dependent on both complex I and 1I, as well as complex II electron transport capacity. This
activity suggests that the extracts are able to alter the mitochondrial oxidative metabolism
instead of simply acting as non-specific cytotoxic agents. The decrease in both OXPHOS-
and ETS-linked respiration stands as evidence for a potential limitation of the electron
transport chain function and mitochondrial energy production. This is particularly relevant
since mitochondria act as major regulators of both cancer cell metabolism and intrinsic
apoptosis and natural compounds have been frequently investigated for their ability to
target mitochondrial function in cancer cells [51,53].

The mitochondrial effects were especially obvious in A375 cells where E3 reduced
OXPHOSCI from 47.82 + 8.5 to 15.27 £ 5.1, OXPHOSCI+II from 74.28 £ 7.1 to 23.96 + 4.3,
ETSCI+II from 66.63 £ 8.6 to 19.51 £ 3.5 and ETSCII from 30.25 + 5.8 to 11.16 = 2.8. Similar
inhibitory patterns were observed in PANC-1 and SK-OV-3 cells when 360 pg/mL E3
was applied, a lower concentration than the calculated ICsy values for E1 and E3 in the
respective cancer cell lines, thus suggesting that mitochondrial dysfunction may occur
as an early event that contributes to the subsequent decrease in cell viability. Our data
are consistent with previous reports on Epilobium species. Stolarczyk et al. showed that
Epilobium extracts induced apoptosis in hormone-dependent prostate cancer cells through
the activation of mitochondrial pathways, including loss of mitochondrial membrane po-
tential and caspase-3 activation [9]. In the current study, the combined effects of decreased
mitochondrial respiration, reduced cell viability and apoptotic morphological changes
support the formulated hypothesis that mitochondrial dysfunction significantly contributes
to the cytotoxic effects of E. parviflorum extracts.

The selective effects against cancer cells vs. HaCaT keratinocytes may be explained
by the well-known differences between cancer and healthy cells in terms of metabolic
parameters, mitochondrial function, redox balance and ability to react to stress. Cancer
cells are frequently more dependent on metabolic plasticity compared to non-cancer cells
and are therefore more susceptible to compounds able to modulate the oxidative phos-
phorylation, redox homeostasis or mitochondrial integrity. Certain compounds, such as
polyphenols may display a dual behavior by acting as antioxidants in non-malignant cells
and pro-oxidant or mitochondria-disruptive compounds in cancer cells, depending on their
concentration, cellular media and metabolic phenotype [13,53].

Collectively, the current findings are consistent with the previously reported cytotoxic
activity of E. parviflorum in prostate, colorectal, breast and melanoma cancer cells [6,9-11].
The novelty of the present study resides in the comparative assessment of the four extracts
in several tumor cell lines, including PANC-1 and SK-OV-3 cells where data regarding
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E. parviflorum are still limited. The results indicate that E3, prepared by means of Soxhlet
extraction in 40% ethanol, is the most promising extract for future investigations, followed
by E1, obtained by maceration in 40% ethanol.

Network pharmacology is an integrated bioinformatic approach that enables the study
in silico of potential molecular targets of plant extracts, which are known for their complex
composition [54]. Although many network pharmacology studies include in the network
analysis all the components detected in the extract [55], others focus only on selected
pharmacologically relevant compounds [56]. In the current study, five representative con-
stituents of E. parviflorum aerial parts, namely caftaric acid, ellagic acid, gallic acid, quercetin
(quercetol), and myricetin, were selected for a network pharmacology study to identify
potential molecular targets responsible for the cytotoxicity observed against the A375 cell
line (melanoma), the most sensitive cell line among the panel assessed in vitro. While the
HPLC-MS analysis confirmed the presence of caftaric acid, quercetin and myricetin in the
hydroalcoholic extracts tested, ellagic acid and gallic acid were included in the analysis,
despite not being chromatographically identified due to the absence of the appropriate
reference standards in the HPLC protocol employed. They were selected based on previous
reports on the composition of similar hydroalcoholic extracts of Epilobium parviflorum aerial
parts [6,57]. Additionally, hyperoside and isoquercitrin were excluded from the analysis
despite being chromatographically identified as significant components of the extracts
studied, as both are glycosylated derivatives of quercetin that undergo intestinal hydrolysis
in vivo to form quercetin, which is already included in the analysis [58,59].

ERBB2, CTNNB1, HSP90AA1, and HDAC6 emerged as the top targets within the
protein—protein interaction network, suggesting their potential relevance for the cytotox-
icity observed in the A375 (melanoma) cell line of E. parviflorum extract. Nevertheless,
further studies are required to validate these predictions and confirm their biological signif-
icance. Interestingly, these targets were initially identified through reverse pharmacophore
mapping as potential targets only for ellagic acid, indicating that among the compounds
included in the network pharmacology analysis, ellagic acid displayed the greatest overlap
with melanoma-associated proteins, potentially contributing to the cytotoxicity observed
in the A375 cell line. However, because ellagic acid was included in the analysis based on
literature reports and its presence in the extracts could not be confirmed due to method-
ological limitations, the present findings should not be interpreted as evidence that ellagic
acid is the primary compound responsible for the cytotoxicity, but rather as a hypothesis
worth exploring in the future.

Previous studies of purified ellagic acid and quercetin in the A375 cell line support their
cytotoxic potential. Ellagic acid induced apoptosis and inhibited cell proliferation in a dose-
dependent manner at concentrations ranging from 5 to 80 uM at 48 h exposure, although
the ICsy value was not reported [60]. In addition, quercetin induced dose-dependent
cytotoxicity in the A375 cell line with an ICsy value of 11.08 uM, with no significant effect
in the HaCaT cell line [61]. While these findings cannot be directly extrapolated to the
cytotoxicity observed for the E. parviflorum extract, they provide support for the network
pharmacology analysis. Purified ellagic acid and quercetin also showed cytotoxic potential
against HT-29, PANC-1 and SK-OV-3 cell lines. In the HT-29 cell line, ellagic acid extracted
from an ayurvedic formulation induced apoptosis, cell cycle arrest and cytotoxicity (ICs:
13.1 pg/mL) [62], while quercetin exerted a dose-dependent cytotoxicity with an ICsg
value of 160.63 uM. In the PANC-1 cell line, both ellagic acid and quercetin exerted time
and dose-dependent cytotoxicity with ICsy values ranging from 7.38 pug/mL (24 h) to
5.41 pg/mL (48 h) for ellagic acid [63] and from 12.14 pmol/L (24 h) to 4.578 umol/L
(48 h) for quercetin [64]. Lastly, in SK-OV-3 cell line, previous studies show ellagic acid and
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quercetin induced cytotoxicity with ICsy value of 36.6 umol/L [65] and 16.21 pug/mL [66],
showing that both compounds have the ability to induce cytotoxicity in selected cell lines.

The enrichment analysis highlighted the role of the identified targets into the epidermal
growth factor receptor signaling pathway (GO:0007173) (Figure 9, Panel B), whose acti-
vation in melanoma is associated with enhanced proliferation and aggressiveness [67,68].
These findings are consistent with a previous study reporting decreased proliferation of
A375 and WM115 melanoma cell lines exerted by ellagic acid through the inhibition of the
EGEFR signaling pathway [69]. Negative regulation of the apoptotic process, programmed
cell death and Wnt signaling pathways were also enriched (Figure 9, Panel B), suggesting
that ellagic acid and quercetin might be responsible for the apoptosis exerted in the A375
cell line by the E. parviflorum extract. These findings are consistent with previous studies on
individually studied quercetin and ellagic acid, which indicate the induction of apoptosis
in melanoma cell lines [58,61]. Nevertheless, the predictive nature of the network phar-
macology analysis employed should be acknowledged as a limitation that needs further
validation through biological assays.

Molecular docking was used to investigate the binding of ellagic acid and quercetin
to the four targets identified by network pharmacology. Both compounds showed the
most favorable predicted binding toward ERBB2 and HSP90AA1, whereas less favorable
docking scores were obtained for HDAC6 and CTNNBL1. The interaction with HSP90AA1
was particularly notable, as ellagic acid and quercetin yielded slightly lower docking en-
ergies than the co-crystallized ligand EOR. Both compounds were accommodated within
the HSP90A A1 binding pocket, although differences were observed in their orientations
and interaction patterns. Despite the more extensive hydrogen-bonding pattern observed
for quercetin, ellagic acid showed a slightly lower docking energy, indicating that the
predicted binding may result from the combined contribution of different non-covalent
interactions within the binding site. These docking results are consistent with the network
pharmacology findings, particularly regarding HSP90AA1. Nevertheless, molecular dock-
ing remains a predictive approach, and the predicted interactions of these compounds with
the proposed targets require experimental validation.

Several limitations should be acknowledged in the current study. First, since the
extracts are highly complex mixtures, certain active constituents may still remain to be
identified and quantified. Therefore, a more thorough HPLC/MS analysis can be essential
to enable a direct correlation between the chemical composition and the biological activity.
Second, the current viability results were obtained following a 24 h exposure, by means of
a metabolic assay; therefore, additional assays would strengthen their interpretation. Third,
specific biochemical assays such as caspase-3/7 activation, Bax/Bcl-2 ratio, cytochrome
c release, mitochondrial membrane potential, ROS production and ATP levels should be
performed in the future in order to confirm apoptosis and mitochondrial involvement.
Finally, future studies should include the use of standardized extracts, isolated major
compounds, such as hyperoside, longer exposure times and validation in more complex
models, such as 3D tumor spheroids.

5. Conclusions

The current study provides preliminary data regarding the in vitro cytotoxic activity
of E. parviflorum hydroalcoholic extracts against several human cancer cell lines; all four ex-
tracts induced a dose-dependent decrease in cancer cells’ viability following 24 h exposure.
Among the tested extracts, the Soxhlet extraction using 40% ethanol triggered the strongest
antiproliferative effect, particularly in A375, PANC-1 and SK-OV-3 cells. Maceration in 40%
ethanol also led to a significantly active extract which was also the only one characterized
by an ICsy value below 1000 pug/mL in HT-29 cells. In contrast, all extracts revealed ICsg
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values above 1000 ug/mL in HaCaT normal keratinocytes thus suggesting a certain degree
of selectivity against malignant cells.

The morphological assessments further supported the antiproliferative findings, with
E1 and E3 inducing nuclear condensation and fragmentation, cytoskeletal ruptures and the
occurrence of apoptotic elements in cancer cells, changes that indicate apoptotic cell death
and add to the nonspecific cytotoxicity.

E1 and E3 extracts also alter the mitochondrial respiratory function by reducing the
oxidative phosphorylation and the electron transport system capacity, therefore suggesting
that the mitochondrial dysfunction may represent one of the mechanisms involved in their
cytotoxic activity.

The phytochemical analysis identified 15 polyphenols, with hyperoside as the pre-
dominant compound, followed by caftaric acid, gentisic acid, myricetin and quercitrin.
However, due to the complex composition of these extracts, the observed antiproliferative,
morphological and mitochondrial effects cannot be attributed to a single constituent.

Additionally, the network pharmacology analysis indicated that the cytotoxic activ-
ity recorded in melanoma cells may be mediated through the modulation of the EGFR
signaling, the Wnt/ 3-catenin pathway and apoptotic regulation, with ERBB2, CTNNBI1,
HSP90AA1 and HDAC6 emerging as the main targets. Molecular docking results were con-
sistent with these predictions, with ellagic acid and quercetin showing the most favorable
predicted interaction profiles toward ERBB2 and HSP90AAL.

Overall, results indicate that E. parviflorum extracts, particularly E3 and E1, may be
regarded as promising sources of bioactive compounds with antiproliferative, and pro-
apoptotic properties. However, further studies are needed in order to fully correlate the
phytochemical profile of the extracts with their biological activity and further confirm the
underlying mechanisms. Future investigations should also involve standardized extracts,
isolated compounds and more complex experimental models, including in vivo tumor
models, in order to validate the cytotoxic activity of E. parviflorum.
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